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limited to a needed basis developed by policymakers and better development designs and
technology could be employed to reduce the damage inflicted. For example, within the
study area, a large number of arterial roads have been constructed that have little to no
utility. These roads were constructed because resources were allocated to advance the
municipality’s infrastructure and provide jobs. However, a number of these constructed
roads lead seemingly nowhere and dead-end. During fieldwork, several of these roads
were observed and they were impassable by vehicles, and covered by sediment and
vegetation (Figure 35). This is an example where better design plans with expertise could

yield efficient roadways with high utility.

Fig. 35 Picture of Abandoned Road (taken by Brandon Porter)
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Participant Interviews/Surveys

The surveyed participants provided very useful data for specific indicators and
subsequent disturbances. Although data obtained through this method would in most
cases be qualitative data, for this research it augmented various data sources and helped
in assessment. Furthermore, information from these sources filled in some missing gaps
in data. For example, four caves in the study area were indentified that were not found in
any other secondary data sources. Additionally, feedback helped to focus some searches
in the data mining process. I believe that experts of a karst region should be surveyed to
help with assessing indicators and sublimate data when data are lacking or hard to

acquire.

The interviewees agreed that the KDI could be a useful tool for assessing karst
terrains. However, the participants also agree that the usefulness of the index is measured
by the quality of data and whether that data is quantitative or qualitative. This researcher
agrees with the participants that quantitative data should be sought first for assessment as
to reduce the subjectivity of the researcher. Moreover, both participants believe that
results from quantitative assessment are more valuable, and that qualitative data should
be avoided and used when necessary. These interviews, along with eight interviews by
North (2007), suggest a strong need by various individuals and groups, both
governmental and nongovernmental, for a holistic tool that measures anthropogenic
disturbances to karst terrains. One participant wanted to include how impacts to karst
affect people directly in the method in order for the results to be more useful and
hopefully bring about more changes that conserve karst terrains. This researcher agrees,

in part, based on the experience that people become concerned when issues affect them
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directly and understands the need to ‘sell’ the KDI on the merits of how it affects people;
however, the role of the KDI should not only measure disturbances that are harmful to
people but also the environment. The dissemination of the results can later be easily
interpreted to show why people should be concerned. Moreover, some disturbances are
obviously detrimental to human health and can be focused on by parties who wish to

convey specific problems.

Future Application of the KDI

Research into anthropogenic disturbances that degrade the health of the karst
environment is needed so as to identify harmful practices that can be mitigated and create
policies for protection and conservation. Further application of this index will potentially
result in a useful tool for managers of karst areas that help them determine the amount of
disturbance to their karst environment. Continued use of the index will test the utility of
the methodology and potential refinements and/or modifications can result from scrutiny
of the method(s) and the collaborative expertise of more individuals. Moreover, the
evolution of the index through use on different karst landscapes and areas that has
different types of human disturbance will lead to added indicators and refinements that
will aid in the index’s ability to holistically measure disturbance. Additionally, future
studies will catalog the degree of disturbance to karst areas and the application in new
areas will provide cases that can be compared and analyzed. Moreover, examination
between different studies can result in a better understanding of the main disturbance
contributors and causes. Areas that have already been assessed would benefit from the
reapplication of the index in order to identify changes to the degree of disturbance

through time and include new data when it becomes available. Also, through additional
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implementation of the KDI more examples of ways to quantifiably measure and assess

different disturbances will be produced potentially reducing subjectivity.

Future application of my proposed refinements and recommendations will test
their effectiveness and hopefully yield a better KDI. Moreover, research into the original,
first modified, and my own modified version should be conducted to ascertain which
method should be adopted and made available to policy makers and managers so that
they can be used and tested outside of academic work. Most importantly, the KDI tool
needs to include a step-by-step guide that explains how it works, what needs to be
considered, examples of disturbances and how to assess them, potential data sources, a
working table that can be filled in, and other pertinent information available. The step-by-
step guide’s purpose would be to expedite the understanding and application of the KDI.
It would need to include a brief introduction of what the KDI is and its purpose.
Moreover, it would have recommended readings about karst for those who are unfamiliar
with the science or need a review on the processes and features of karst environments and
how disturbances affect these environments in pronounced ways. Additionally, published
studies that have been conducted utilizing the KDI will also be available for viewing so
others can see what has already been done, as well as what problems and issues have
arisen from its application to different areas by different people. Furthermore, key
components will be outlined for consideration by those conducting an assessment in order
to reduce potential biases and limit potential skewing of results. This could be facilitated
by an online website that has all the necessary items to complete a KDI assessment, as
well as instructional information. Results could also be uploaded to the site’s database in

order to catalogue karst disturbance throughout the world for further future analysis and
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dissemination of results to educate the public. The website could also have a forum that
would facilitate discourse about future issues and problems that will arise from the KDI’s
application, and provide evaluators a medium through which to inquire and/or address
said problems. This process will help to further the refinement and utility of the KDI by
those for whom the methodology was originally created, and bring their varying

perspectives together in a collaborated structure made possible by the proposed system.



Chapter Six

Conclusions

The original and modified Karst Disturbance Indices were applied to Arecibo,
Puerto Rico for assessment of anthropogenic impacts to the karst environment. Through
this study, the KDI was found to be a useful tool for holistically evaluating disturbances
to a karst terrain. It could provide interested parties an opportunity to analyze threats to
their karst environments in a standardized index that could result in fostering mitigation,

protection, and education of this vital resource.

The application of the two KDI methods yielded results that evaluate the adverse
affect of industrialization and urbanization on the karst terrain with an original method
score of 0.55 (Significantly Disturbed) and 0.68 (Severely Disturbed) in the modified
method. Moreover, the assessment of the indicators revealed the most severe disturbances
from industrialization and urbanization affecting the karst terrain, including:
Quarrying/Mining, Flooding of Surface Karst, Flooding of Subsurface Karst, Pesticide
and Herbicide Use, Industrial/Petroleum Spills/Dumping, Leakage from Underground
Tanks, Changes in Water Table, Building of Roads and Building Over Karst Features.
Similarly, the assessment of the individual disturbances in the modified method showed
Quarries, Great Infrastructure: Dam, Deforestation, Pesticide and Herbicide Use, Illegal
Dumping of Industrial Waste, lllegal Dumping of Refuse, Legal dumping of Industrial
Waste, Legal Dumping of Refuse, Leakage from Underground Tanks, Pumping, and Road
Construction to be the most severe disturbances to the karst terrain. Of the applicable

indicators, 77 percent had adequate data available to derive an assessment score, resulting
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in a generally high level of confidence in the total disturbance score for Arecibo. The
modified method concentrates on known and measurable disturbances and therefore has

no need for a degree of confidence.

Through application of both methods, the data revealed strengths and weaknesses
in the two methodologies, and helped identify areas for refinement and recommendations.
The modified method was more straightforward and easily understandable because it did
not use comprehensive, generalized indicators or the Lack of Data (LD) scoring system.
This makes the method less complicated, while yielding similar findings and identified
threatened aspects of the study area of this research. However, this strength is also its
greatest weakness, because it is not holistic and does not account for indirect impacts to
the karst terrain that the attribute of stewardship of karst region indicators (Regulatory
Protection, Enforcement of Regulations, and Public Education) provide. Moreover, the
LD’s identify areas where more research needs to be conducted in order to understand
how the majority of disturbances threaten a study area as a whole. This is an important
component of the KDI. Therefore, the modified method that only assesses disturbances
has a high utility for fast assessment that could be used for preliminary evaluation.
However, for a more in depth analysis of a karst region the original method provides the

necessary components.

Overall, the original method, with modifications, is preferred, as it is a user-
friendly tool that could be employed by professionals with varying degrees of experience
and knowledge of karst systems due to clear guidelines for assessing each indicator and
ease of calculating total disturbance score and level of confidence. Although some

indicators do not incorporate descriptions for all types of disturbances that could affect an
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indicator’s score, the index provides a way to holistically evaluate anthropogenic
disturbances on a karst terrain in a standardized way that allows for future comparisons
between different or similar areas. However, issues and problems with the KDI were
found through its application on the study area. These problems are summarized in Table
9 followed by recommendations and potential refinements to improve the utility of the

index in Table 10.

Table 9 Table Summarizing Problems Associated with the KDI

1) Difficult to evaluate sinkhole indictors due to inaccessibility in remote areas, poor
resolution of remotely sensed data sources, and dense vegetation cover.

2) Lack of data for indicators lowers total disturbance score and in some instances
logistically unfeasible to collect data.

3) Industrial/petroleum spills/dumping doesn’t take into account types of spills and
state of remediation.

4) The index doesn’t account for scale of impacts from disturbances and locations of
sites to be important factors for assessment.

5) The need to reword the scoring descriptions.

6) The KDI does not account for all of the disturbances that could affect an
indicators’ score.

7) Coastal karst and mogotes karst features are not incorporated well into the indexes
indicators,

8) Subjectivity in scoring of indicators that have different types of disturbances not
put forth in the original scoring descriptions.

9) No set extent for KDI application will result in difficult and inaccurate
comparisons from areas with significantly different sized extents.

10) Industrial/Petroleum Spills/Dumping indicator doesn’t have a scoring system that
includes Superfund sites, Toxic Release Inventory sites, hazardous waste sites and
clandestine dumping.

11) Concentration of Harmful Chemical Constituents in Springs indicator does not
include data from wells and water bodies such as wetlands and rivers that could
provide better assessment of the water quality.

12) The changes in Water Table, Species Richness of Cave Biota, Population Density
of Cave Biota, and Species Richness of Groundwater Biota are examples of
indicators that require temporally long observation periods to collect data that
cannot be obtained easily.

13) Qualitative data is not as precise and is more open to arbitrary interpretations of
the evaluator.

14) Indicators have an equal weight and do not take into account how disturbances
impact a karst terrain in different degrees of severity or scale of impact.

15) LD’s are vague and do not provide enough detail about the level of confidence.
Additionally, the category that signifies insufficient findings is too high.
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Table 10 Table Summarizing Recommendations and Potential Refinements for the KDI

1) Obtain high resolution remotely sensed images when analyzing the Infilling of
Sinkholes indicator. When dense vegetation is present, rely on topographic maps
or techniques that interpolate and remove vegetation cover in remotely sensed
images.

2) Omit the Lack of Data designations (LD’s) from the highest possible score.

3) Omit a brownfield or superfund site from assessment when it has undergone
successful remediation. Encourage evaluators to list known contaminates from
spills.

4) Change Scale column to Scale of Impact.

5) Change scoring descriptions to 0 = No Disturbance, 1 = Low Disturbance, 2 =
High Disturbance, 3 = Severe Disturbance

6) Through the application of the KDI in this and other works will provide examples
of how different disturbances can be assessed for an indicator.

7) Addition of the Coastal Karst and Removal of Karst Features indicators

8) Through the application of the KDI in this and other works will provide examples
of how different disturbances can be assessed for an indicator helping to reduce
subjectivity.

9) Encourage the KDI to be applied to county/municipal or related political
boundaries that have relatively the same sized extent.

10) Through the application of the KDI in this and other works will provide examples
of how different disturbances can be assessed for the Industrial/Petroleum
Spills/Dumping indicator.

11) Change the Spring Water Quality attribute to Water Quality and include data from
wells and other water bodies for holistic assessment of the corresponding
indicator.

12) Encourage the use of quantitative data over qualitative data when possible.

13) Addition of a Disturbance column and the aforementioned Scale of Impact
column can provide attributes that can be weighted for potentially more accurate
assessment.

14) Modifying the LD’s scoring system to include more categories for degrees of
level of confidence and lowering the insufficient findings category.

Results from the KDI provides managers, planners, and other interested parties
with data that assesses a karst terrains state of health and identifies critical disturbances
which are negatively affecting the environment that could be mitigated or affected by
policy changes. Re-application in the same area can be used to ascertain how

disturbances are improving or worsening and provide information for the reasons that are
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causing/affecting these changes. In Arecibo, industrial practices and urbanization are
responsible for the most severe impacts to the area. The impacts from these disturbances
can be curbed through better policy and more enforcement of regulations. Moreover, the
results indicate that agriculture and disturbances caused by people, such as desiccation
and condensation corrosion, are not severe and not a cause for concern. Furthermore, by
focusing on the main culprits causing the most severe impacts to an area, steps can then
be undertaken to minimize the damage inflicted by human activities. Application of the
KDI to neighboring municipalities will show how local regulations and activities affect
karst terrains so that regional and state managers can better understand cause and effect

of specific decisions.

In conclusion, the KDI holistically successfully measures the majority of
anthropogenic impacts from disturbances on a karst terrain. Through the application of
two KDI methods in the island setting of Arecibo, Puerto Rico, with its various land uses
and land covers resulting from many types of practices and activities, the level of
disturbance was determined, utility of indices evaluated, impacts to karst better
understood, and refinements and recommendations were devised. Moreover, the
refinements and recommendations would aid in creating a karst sensitivity index, which
would help to isolate and identify potential areas of current and future disturbance, and
aid in management of the karst environment. Through evaluation of disturbances to the
study area’s karst terrain, data and pertinent information can be used to address human
induced impacts. The KDI provides organizations and communities with a tool that
effectively assesses a karst area holistically, so that decisions regarding mitigation or

policy changes affecting critical threats to karst can be made and results from the
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assessment can be disseminated to promote public education and foster conservation and

protection of the valuable karst resource.
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Fig.36 Appendix A: Current Laws Affecting Karst.

Law No. 111, p.
384,84 :§ 1143¢
states:

“It is hereby declared that it is the public policy of the Commonwealth to protect
and preserve the caves, caverns or sinkholes in Puerto Rico. These are a unique
natural resource because of their beautiful formations of natural materials; its fauna
adapted to the subterranean environment; its archaeological and historical value; for
being conductors and receptacles for subterranean water flow, and for providing a
propitious environment for recreation and scientific research and investigation. The
caves, caverns or sinkholes are, therefore, a legacy of nature that deserves
immediate protection to prevent their irreparable damage or destruction” (12
L.P.R.A. § 1143a 2009).

Prohibitions and
penalties of this law
state:

“(a) Any person who voluntarily performs any of the following acts shall be guilty
of a misdemeanor and, upon conviction, shall be punished by imprisonment for a
term that shall not exceed six (6) months or by a fine that shall not exceed five
hundred dollars ($500), or both penalties at the discretion of the court:

(1) Breaks, cracks, chisels, paints, writes, marks, or in any way damages, destroys
or defaces any natural material found in any cave, cavern or sinkhole.

(2) Removes or carries away any natural material found in a cave, cavern or
sinkhole.

(3) Kills, damages, disturbs or removes any animal or plant found in any cave,
cavern or sinkhole.

(4) Alters the natural atmosphere of any cave, cavern or sinkhole in any way,
including, but without being limited to, the burning of any material producing
smoke or gases that are harmful to the animals and plants; Provided, That the fact
of penetrating or remaining in a cave, cavern or sinkhole does not constitute a
violation to this section.

(5) Enters any cave, cavern or sinkhole carrying any kind of aerosol and other
type of container having paint, stain or any other coloring material.

(6) Breaks, forces, removes or damages any lock, gate, door or any structure or
construction designed to prevent the entrance to any cave, cavern or sinkhole,
regardless of the fact that the person does enter or not.

(7) Offers for sale, exchange or donation; sells, exchanges or donates; exports, or
in any other manner disposes of any natural material or archaeological evidence
taken out of any cave, cavern or sinkhole.

(8) Contaminates, diverts or alters in any way whatsoever the water in any cave,
cavern or sinkhole.

(b) Any person who voluntarily alters, removes, carries away or in any way
damages any evidence or archaeological features found in any cave, cavern or
sinkhole, including but without being limited to petroglyphs, pictographs, ceramics,
bones or tools, shall be punished by imprisonment for a minimum term of six (6)
months and a maximum of five (5) years, or a minimum fine of one hundred dollars
($100) and a maximum of two thousand, five hundred dollars ($2,500).

(c) Any person who voluntarily deposits or leaves in any cave, cavern or
sinkhole, any food, containers, ropes, electric batteries, carbide, papers, wrappings,
garbage, rubble or any waste, shall be guilty of a misdemeanor and upon conviction
shall be punished by a fine of not less than five dollars ($5) nor more than fifty
dollars ($50), or imprisonment for one (1) day for each dollar not paid.

(d) The development of dwellings, industries, structures and other buildings with
foundations on the caves, caverns or sinkholes and subterranean rivers that may be
a hazard to the health or safety of the community, the preservation of the caves,
caverns or sinkholes, and would contaminate these bodies of water, without the
prior authorization of the Secretary of Natural and Environmental Resources, is
hereby forbidden.

(e) The use of the caves, caverns or sinkholes for the construction of septic tanks,
for the discharge of domestic or industrial waste and for the breeding of animals
that could affect these ecosystems is hereby forbidden” (12 L.P.R.A. § 1143a
2009).
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No. 292 § 4. Its
purpose states:

"It is hereby established that the Public Policy of the Commonwealth of Puerto
Rico is to protect, preserve, and manage, for the benefit of present and future
generations, the karst physiography of Puerto Rico. It constitutes one of our most
valued non-renewable natural resources for its geomorphology and for the special
ecosystems that develop in it. The karst region is characterized for including,
among others: karst formations, tower karst, dolines, sinkholes, trenches, caves,
caverns, aquifers, underground rivers, and springs that have developed landscapes
of spectacular qualities with a high geological, ideological, ecological, historical,
recreational, and scenic value. The karst physiography fulfills vital functions for the
natural and social survival of the Island, such as housing a large number of species
of flora and fauna; storing vast underground water supplies; possessing lands of
excellent agricultural capabilities, and containing a vast recreational and tourist
potential attributable to its natural qualities” (12 L.P.R.A. § 1152 2009).

Prohibitions and
penalties of this law
state:

“Besides the administrative fine, any natural or juridical person that carries out any
of the following acts without the corresponding permits of the Secretary, shall be
guilty of a misdemeanor and, upon conviction, shall be punished by imprisonment
for a term not to exceed six (6) months, or a fine which shall not exceed the sum of
five hundred dollars ($500), or both penalties, at the discretion of the court:

(a) The extraction, excavation, and removal of limestone rock for commercial
purposes or for the leveling of terrain without the Secretary's authorization,
pursuant to §§ 206 et seq. of Title 28, known as the "Sand, Gravel and Stone Act,"
as amended, and its respective regulations. No simple permits or exemptions shall
be granted in the zone for these purposes.

(b) The creation of dumps for domestic waste, hazardous waste, or special or
industrial non hazardous waste in the karst region.

(c) Agricultural activity that leads to the total extermination of the area's
vegetation, or which implies a substantial reduction, be it within one of the same
species, among species, or an ecosystem; the use of pesticides, herbicides, or any
biocide that is not degradable by biological, chemical, or folic action, that may seep
through to aquifers.

(d) The construction of roads, highways, or other means of access without the
Secretary's authorization, as provided by this chapter.

(e) The construction of infrastructure for the enjoyment of scenic areas without
the Secretary's authorization, as provided by this chapter.

(f) The fragmentation of ecosystems of natural value. The term fragmentation
shall include the division, separation, or isolation of any ecosystems that are intact,
or that when this act is approved, has a high natural value, even though they have
been fragmented in the past. The separation, isolation, and division may be caused
by roads, or paths that cross them, or by remaining portions of the ecosystems to
destine them for uses other than the preservation of natural systems.

(g) Deforestation, selective or total, removal of native and endemic vegetation for
commercial landscape design activities, and removal of live ligneous material for
the generation of charcoal without due evaluation and authorization, under the
provisions of this chapter, and by the provisions included in other applicable laws
and regulations.

(h) Removal, hunting, capture, or extermination of wildlife whose habitat is the
karst region, without the proper authorization of the Secretary, as provided by this
chapter.

(1) The construction and installation of towers and antennas for electrical
transmission lines, or antennas for communication, without due authorization by
the Secretary, as provided by this chapter.

(j) The creation of ecological tourism projects in the karst regions without the
proper authorization of the Secretary, as provided by this chapter” (12 L.P.R.A. §
1152 2009).







